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A new model of Li intercalation into rutile and anatase structured titania has been developed from first
principles calculations. The model includes both thermodynamic and kinetic effects and explains the
observed differences in intercalation behavior and their temperature dependence. The important role of
strong local deformations of the lattice and elastic screening of interlithium interactions is demonstrated.
In addition, a new phase of LiTiO2 is reported.
DOI: 10.1103/PhysRevLett.86.1275 PACS numbers: 66.30.–h, 64.70.Kb, 82.45.–hTransition metal oxides are promising electrode mate-
rials in advanced high-energy density batteries [1]. The
performance of an electrode depends on its ability to inter-
calate lithium reversibly into the host lattice. The transition
metal oxides have open structures capable of accommo-
dating guest ions and a flexible electronic structure which
can accommodate donated electrons and provide sufficient
ionic and electronic conductivity. These properties re-
sult in a number of low-energy sites for guest ions within
the lattice and the potential for high capacity lithium ion
intercalation.
Battery performance is usually characterized by low cur-
rent discharge curves which approximate the equilibrium
voltage difference between the electrodes, often referred
to as the open circuit voltage (OCV). The key factors in
applications are high-energy density and reversible struc-
tural changes on Li intercalation for a large range of the
insertion concentration.
For a material in thermodynamic equilibrium the OCV
is fully determined by the difference in the chemical poten-
tial of lithium between the anode and the cathode which
is determined by the ordering of the lithium ions in the
host structure. However, in practical applications the OCV
is also often limited by lithium ion diffusion which pre-
vents ions from reaching thermodynamically stable sites.
The design of new battery materials requires a microscopic
understanding of the stable sites and diffusion pathways
which is very difficult to obtain from experiment. There-
fore, first principles simulation, which provides accurate
and reliable energy surfaces, has a key role to play in iden-
tifying and characterizing prospective electrode materials.
Previous simulations, based on a combination of first
principles energetics and a Monte Carlo treatment of
the statistical mechanics, have focused on the thermody-
namics of lithium insertion. Thus, phase diagrams and
equilibrium OCV’s have been computed for LixCoO2
[2,3], LixMnO2 [4], and Li11xV3O8 [5]. This methodol-
ogy requires the representation of configurational energies
using effective interaction parameters which are assumed
to be valid over a wide range of insertion concentrations.0031-90070186(7)1275(4)$15.00 ©Another interesting electrode material is nanostructured
TiO2 which is currently used in solar cell applications [6].
It has a number of practical advantages as it is readily avail-
able, chemically stable, semiconducting, inexpensive, and
nontoxic [7]. The most common natural forms of TiO2
are rutile and anatase. Lithium intercalation into both
forms has been studied extensively. In LixTiO2 the re-
ported maximum electrochemical insertion varies between
x  0.1 and 1 for rutile [8–11] and 0.5 and 1 for anatase
[10,12–14]. One likely reason for the large variation in
these studies is the effect of temperature. This suggests that
diffusion may be an important limiting factor in the per-
formance of rutile and anatase and that unlike cobalt and
manganese dioxide, thermodynamic considerations alone
are insufficient to determine the OCV. Previous theoreti-
cal studies of LixTiO2 have concentrated on determining
likely intercalation sites and energetics [15,16]. However,
only a single lithium concentration was considered and the
relaxation of the lattice was restricted either by imposing
rigid cluster boundary conditions [15] or by considering
only isotropic variations of the cell [16]. As is clear from
neutron diffraction studies of anatase [17], and will be-
come evident below, unconstrained structural relaxation is
vital in these systems.
In the current study fully relaxed first principles simu-
lations have been used to compute the thermodynamics of
lithium intercalation in the rutile and anatase structures for
a wide range of concentrations and possible configurations.
Lithium ion diffusion pathways and barriers have also been
determined. The observed shape and temperature depen-
dence of the OCV in both rutile and anatase are discussed
in light of these new results.
All calculations were performed within the pseudopo-
tential plane-wave formalism [18,19]. Electron exchange
and correlation effects were treated within the spin
polarized generalized gradient approximation [20] with
ultrasoft pseudopotentials [21] used to replace the Ti
1s, 2s, 2p, O 1s, and Li 1s core orbitals. The num-
ber of Monkhorst-Pack k points was determined from a
spacing in the reciprocal space of 0.1 Å21. A plane wave2001 The American Physical Society 1275
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energy to 0.01 eV per formula unit.
Both rutile and anatase are tetragonal crystals with
highly anisotropic elastic and dielectric properties. Ana-
tase consists of edge sharing TiO6 octahedra while in rutile
octahedra share edges in the c direction but are corner
sharing in the ab plane. Between the octahedra there are
two potential lithium intercalation sites having either octa-
hedral or tetrahedral oxygen coordination. Initial calcula-
tions introducing a single Li ion into the unit cell (x  0.5)
indicated a distinct preference for intercalation into the
octahedral site—by 0.70 eV in rutile and 0.45 eV in
anatase. In what follows calculations have been restricted
to intercalation into octahedral sites. Low-energy ordered
configurations of Li ions were sought for a wide range
of concentrations (x  116, 18, 14, 12, 34, 1) in
both rutile and anatase. For each x a number of periodic
supercells were considered and the structure fully relaxed.
First, intercalation into the rutile structure was exam-
ined. For x , 12 the low-energy ordered configurations
favor Li occupation of neighboring octahedra in the ab
planes and Li separation in the c direction. This result is
in contrast to expectations based on dielectric screening
of Li-Li interactions which would favor packing in the c
direction. It occurs because the Li ion strongly distorts
the local environment and the distortion is more rapidly
screened by the corner sharing octahedra in the ab plane.
The elastic screening of the distortion dominates in this
instance. This screening mechanism leads to interactions
which vary strongly with concentration. This means that
the energetics cannot be described using concentration in-
dependent interaction parameters and thus it is not con-
venient to use a Monte Carlo simulation to compute the
chemical potential [2]. Instead the excess free energy is
approximated from the variation of the total energy with
respect to metallic lithium and bulk rutile computed at zero
temperature.
The OCV obtained from these data by numerical dif-
ferentiation is displayed in Fig. 1 and is in agreement with
that observed at elevated temperatures. The observed OCV
displays steps at x  18 and x  12. The step at 12 is
0.1 eV while that at 18 has been reported to be 0.3 [11]
and 0.1 eV [12]. The majority of the discharge capacity
occurs on the plateau between x  18 and x  12. The
computed voltage in this region is 1.75 eV which may be
compared to the observed values of 1.4–1.5 eV [11,12].
The shape of the OCV curve has been explained previ-
ously in terms of a dielectric screening model [12]. The
steps in the OCV were related to ordered structures re-
sulting from filled channels in the c direction spaced in
the ab plane [12]. However, diffusion in rutile is highly
anisotropic and abnormally fast along c [22]. One would
therefore expect structures involving c occupancy to be ac-
cessible at all temperatures and therefore this model fails
to explain the absence of intercalation along c at room
temperature [12,13]. The interpretation of the OCV re-
sulting from the current work is very different. The initial12760 0.2 0.4 0.6 0.8 1
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FIG. 1. Calculated OCV profile for LixTiO2 rutile.
plateau at x # 18 (Fig. 1) corresponds to the coexistence
of effectively noninteracting Li ions in ab planes. At these
concentrations 2nd neighbor exclusion in the ab planes is
possible and the Li ions adopt well spaced configurations
for which the interactions are fully screened. The screen-
ing of these interactions leads to very strong local defor-
mations of the structure and, in particular, in the closing
of second neighbor sites. This results in unexpected oc-
cupancy patterns at higher concentrations. For instance,
at x . 18 nearest neighbor sites become occupied be-
fore second neighbor sites and it is these configurations
which are associated with the observed step in the OCV.
The plateau between x  18 and x  12 is due to the
gradual increase in the occupancy of the ab planes un-
til at x  12 all sites in the plane are full resulting in a
structure containing lithiated ab planes separated in the c
direction. As the concentration of Li ions increases the
screening becomes less efficient until at x  12, when
it is no longer possible to avoid the occupancy of nearest
neighbor sites in the c direction, interactions in the ab and
c directions are of a similar magnitude. This results in a
small step in the OCV at x  12 as nearest neighbor oc-
cupancy in the c direction begins.
The volume expansion up to x  12 is almost exclu-
sively due to the expansion of the Li-containing octahedra.
For x . 12 the predicted volume increases faster than
that expected from local distortions because the packing
of the octahedra is disrupted. This is a strong indication
that the system will undergo a phase transition. A transi-
tion to a currently unidentified structure has been observed
at x  12 [11,12] and at x  34 a further transition to
a hexagonal structure occurs [11]. This possibility was
tested and the latter structure was found to be 0.26 eV
per formula unit more stable than lithiated rutile.
Although it is clear that Li intercalation is thermody-
namically favorable the absence of intercalation at room
temperature indicates that kinetic restrictions are impor-
tant. In order to examine this adiabatic energy surfaces for
Li diffusion have been computed for x  12 in a single
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displayed in Fig. 2. The fractional coordinate, z, is such
that at z  0.5 the Li ion sits in the center of the octahedral
hole. In the symmetry irreducible path (14 # z # 12)
minima of roughly equal depth are observed at z  0.30
and 0.5 separated by a barrier of 0.04 eV. For diffu-
sion in the ab plane the preferred pathway is found to be
through the tetrahedral site leading to a barrier which is
significantly higher than in the c direction (0.8 eV). By
assuming an attempt frequency of 1012s diffusion coeffi-
cients of Dc  1026 cm2s and Dab  10215 cm2s are
obtained. The observed diffusion is dominated by that
in the c direction and is reported to be D  1026 cm2s
[22] in excellent agreement with that computed here. It
has also been suggested previously that Dab ø Dc [22].
These data coupled with the strong elastic screening dis-
cussed above suggest a simple model of the temperature
dependence of intercalation in rutile.
Li insertion proceeds through rapid diffusion along the
c direction. At low temperature the very slow diffusion
in the ab planes prevents ions from reaching thermody-
namically favorable positions. The relatively poor screen-
ing of the Li-Li interactions in the c direction leads to
rather long range effective repulsive interactions in c. At
the same time the rapid elastic screening of interactions
in the ab plane provides a trapping mechanism for Li-ion
pairs (and possibly for larger clusters). Once a pair has
formed the c channel is effectively blocked for further in-
tercalation as diffusion in the ab plane is poor. At elevated
temperatures in-plane diffusion is considerably enhanced
(Dab  10212 cm2s at 120 ±C) unblocking the c chan-
nels and intercalation proceeds. In fact, at 120 ±C Li is
observed to intercalate up to full loading [11].
A similar analysis indicates that the intercalation of
lithium into the anatase structure is also limited by diffu-
sion. Intercalation is observed to proceed as a single phase
reaction up to x  0.05 0.1 with further insertion pro-
ducing a two phase equilibrium of Li-poor and Li-rich re-
gions. The Li-rich phase is observed to be an orthorhombic
distortion of anatase with composition Li0.5TiO2 [17,23].
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FIG. 2. Relative energy of Li0.5TiO2 rutile as a function of the
Li-ion position.Low-energy structures for lithiated anatase were sought for
x  116, 18, 14, 12, 34, and 1. At x  116 the Li
ions occupy essentially four-coordinated sites at the center
of distorted octahedral holes. The lowest energy configu-
rations are with sites well separated and Li-Li interactions
are effectively screened. At higher concentrations Li-Li
interactions become highly anisotropic. The local distor-
tion caused by a Li ion occupying an octahedral site opens
the neighboring sites in the c direction while closing those
in the ab plane. This “overscreening” in the c direction
leads to an effective attraction, while in the ab planes the
interactions are highly repulsive. The lowest energy con-
figurations at x  18 and 14 correspond to filled chan-
nels in the c direction separated in the ab planes.
The computed OCV for anatase is shown in Fig. 3. The
shape of the OCV curve is typical of a van der Waals loop
and is strongly indicative of a phase separation between
a Li-rich and a Li-poor phase as is observed experimen-
tally. Thus, the lowest energy configurations at x  18
and 14 are thermodynamically metastable states of the
system. This is confirmed by noting that the computed
energy of the x  14 state is 0.15 eVLi higher than
the coexistence of the stable orthorhombic (x  12) and
the Li-poor (x  116) phases. The calculations suggest
a simple model of intercalation into the anatase structure.
Based on the deformations described above diffusion for
x . 116 can be expected to be highly anisotropic. Diffu-
sion proceeds via nearest neighbor octahedra which have
been opened in the c direction but closed in the a and b
directions. Thus, fast diffusion along c and slow diffusion
in the ab planes are expected. However, once a neigh-
boring octahedron in the a or b direction is occupied the
octahedron expands and diffusion proceeds. In practice, Li
insertion is observed to proceed through the (101) surface
along the a direction [24]. Slow diffusion in the b direc-
tion [perpendicular to the (101) surface] leads to a strong
concentration gradient in which c channels are occupied
in the near surface region, but diffusion into the bulk is
limited. Diffusion then proceeds only by the filling of c
channels neighboring in the a or b direction. This leads
to a strong tendency for the Li concentration in the near
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FIG. 3. Calculated OCV profile for LixTiO2 anatase.1277
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bic phase to form. This provides a natural mechanism for
the formation of the thermodynamically stable two phase
system. This model implies that there will be an initial
barrier to intercalation associated with occupying neigh-
boring c channels as is in fact observed [25]. This two
phase Li insertion must be initiated by the application of an
overvoltage [12].
At room temperature the maximum observed insertion
ratio is x  12 [12] which, in the current model, corre-
sponds to the completion of the orthorhombic phase. At
elevated temperature higher loadings can be achieved. At
x  34 and 1 calculations were performed in which three
and four octahedral sites per cell were occupied. These
configurations are thermodynamically stable, but diffusion
is now limited by Li-Li repulsions. The computed diffu-
sion barrier at x  34 is 1 eV, while at x  12 the
barrier is 0.5 eV in excellent agreement with that ob-
served [26]. At x  1 the stable structure corresponds
to Li ions occupying the center of the octahedral holes
with essentially sixfold coordination in a tetragonally dis-
torted rock-salt lattice. Although this structure has been
observed in other transition metal oxides [27] this is, to
our knowledge, the first confirmation of its existence in
LiTiO2. Within the model presented here slow diffusion
out of this structure results in the observed structural ag-
ing of anatase when intercalated to high concentrations at
high temperature [11].
In conclusion, a new model of Li intercalation into ru-
tile and anatase structured TiO2 has been developed from
first principles calculations. The model includes both ther-
modynamic and kinetic effects and explains the observed
differences in intercalation behavior and their temperature
dependence. The absence of insertion into rutile at room
temperature is explained in terms of the inaccessability
of the low-energy configurations due to highly anisotropic
diffusion. In anatase the need for activated insertion and
the aging of the system at high concentrations are ex-
plained in terms of strong local distortions of the struc-
ture. The calculations correctly predict a phase separation
in anatase into a Li-rich phase (Li0.5TiO2) and a Li-poor
phase. The geometry of orthorhombic Li0.5TiO2 is com-
puted for the first time and we predict the existence of a
new distorted rock-salt phase for LiTiO2. The model de-
veloped here has a number of consequences for the design
of new battery materials. For instance, aging in anatase
can be avoided by restricting the insertion fraction and ef-
ficient insertion is much more likely to be achieved along
the c direction than the a direction as in current devices.
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